are 3 commonly used types: either the infusion rate is kept at a predetermined value for a certain time period (con stant flow infusion), the intracranial pressure (ICP) is held at a prescribed level (constant pressure infusion), or fluid is infused in short bursts (bolus infusion). Standard clini cal protocols and a mathematical framework for determin ing the R 0 are available for all of these methods. 6, 23 Among these standard infusion tests, the bolus infusion method should be the preferred choice, as it is fast and limits the time during which the patient is exposed to artificially in creased levels of ICP. 6 However, for unknown reasons, the bolus infusion method yields values of R 0 that are consis tently lower than those obtained with the constant flow and constant pressure infusion methods. 22, 30 This incongruity may be due to the inherent differences between the con stant and bolus infusion tests: both constant pressure and constant flow infusions represent steady-state methods. In other words, an equilibrium in pressure and volume is reached before the R 0 is calculated. Bolus infusion, on the other hand, is a dynamic method that may be influenced disproportionally by transient changes in the ICP.
It has been hypothesized that ICP pulsation caused by vascular action 30 or transient vasogenic effects may be responsible for the underestimation of the R 0 by the bo lus infusion method. 10 One factor that has so far not been investigated as a possible cause is the dependence of the ICP on the time course of infusion. In the mathematical model that underlies the calculation of the R 0 , 23 changes in the ICP depend solely on the infused volume, DV, but not on the infusion rate or history. 1 However, the cranio spinal space shows a more complex behavior in vivo.
The dependence of the ICP on the infusion time course may be due to the viscoelastic behavior of the brain or other structures of the craniospinal space. The visco elastic nature of brain tissue has been demonstrated and quantified ex vivo in animal experiments 8, 20, 29 and in vivo using MR elastography on healthy volunteers. 13, 18, 26 Chang es of viscoelastic properties in hydrocephalic patients have been characterized by the latter method both before and after shunting. 9 On the basis of these data, we hypothesized that viscoelasticity plays a role in the ICP response and that neglecting the contributions of viscoelastic behavior is re sponsible for, or substantially contributes to, the underesti mation of the R 0 by the bolus infusion method.
To test this hypothesis, we developed a phantom model with viscoelastic properties for reproducing in vivo ICP dynamics during infusion studies. We further designed a computational framework for virtual infusion testing in which viscoelasticity can be switched on or off. Finally, we devised a novel method for determining the R 0 that does not underestimate the R 0 when it is applied to data from bolus infusion tests.
Methods

Experimental Phantom Model
The phantom model was based on an earlier design devised to reproduce the physiological in vivo dynamics in the human skull.
3 It was expanded here to allow for infusion testing. Outflow resistance was set using a cali brated fine-regulating valve. The correct value of R 0 was thus known throughout the investigations. An active com pliance device 28 was used to reproduce the in vivo cranio spinal pressure-volume (PV) dynamics according to the Marmarou equation.
23 The brain's viscoelastic behavior was accounted for by means of a silicone compound with mechanical properties representative of those of the brain parenchyma. 3 A schematic and a photograph of the phan tom model are shown in Fig. 1 . The chosen parameters and conditions of the phantom model were representative of the intracranial conditions reported for healthy adults. They are summarized and referenced in Table 1 .
Computational Framework for Virtual Infusion Tests
In addition to the phantom model, a computational framework was implemented in MATLAB/Simulink R2011a (The MathWorks, Inc.) to independently assess the effect of the following factors on ICP dynamics: 1) viscoelasticity, 2) ICP pulsations, and 3) infusion flow rates. This framework reproduced both the idealized standard PV response according to Marmarou (Appendix, Equation 1), as well as a PV response that includes viscoelastic behavior (see Appendix for details on the equations accounting for the viscoelastic behavior). In the computational framework, unlike in the experimental phantom model, viscoelasticity could be turned on or off.
Infusion Tests
Infusion tests were performed with both the phantom model and the computational framework according to the most recent clinical protocols. 30, 32 In the phantom model setup, a programmable syringe pump (PHD 4400, Har vard Apparatus) was used for infusion using the param eters given in Table 2 . The ICP was continuously moni tored via a computer interface. The data were saved for later calculation of the R 0 (Appendix, Equation 2 ). The same protocols and working parameters were adopted to run similar tests on the computational framework.
Calculation of the CSF Outflow Resistance R 0
In a clinical setting, the R 0 is determined by recording the patient's ICP response during infusion testing 22 and by using the differential method for constant flow infusion, 23 the linear regression method 7 for constant pressure infu sion, or the visual method 23 for bolus infusion. We used the same methods in both the phantom model and the com putational framework. These standard methods are based on the Marmarou equation of intracranial dynamics, 6, 23 which does not account for viscoelastic effects. In addition to these standard methods, we also used a novel system identification approach to account for viscoelasticity when calculating the R 0 (see Appendix).
Results
Infusion Testing on the Phantom Model
The PV characteristics of the phantom model were an alyzed via slow, continuous infusion at a constant flow and with blocked CSF absorption. As shown in Fig. 1 (inset) , the phantom model's behavior under slow, quasi-steady conditions is described well by the Marmarou equation.
Similarly, when CSF absorption was activated in both con stant flow ( Fig. 2A ) and constant pressure infusion tests (Fig. 2B) , there was good agreement between the data gen erated with the phantom model and those predicted by the Marmarou equation under quasi-steady conditions. In con trast, remarkable differences between the ICP responses in the 2 methods were observed under transient conditions, namely, during the bolus infusion (Fig. 2C ). In this condi tion, the phantom model showed a faster relaxation of the ICP than predicted by the Marmarou equation.
Outflow Resistance in the Phantom Model
Outflow resistance (Fig. 3 ) was computed for all experimental data sets using both the standard methods based on the Marmarou equation and the novel systemidentification approach that accounts for viscoelasticity. The standard methods captured the R 0 accurately when data from constant flow and constant pressure infusion tests were used, but they significantly underestimated the R 0 when data from bolus infusion tests were employed. This is in agreement with clinical findings. 17, 24 In contrast, the system-identification approach (Fig. 3 right) predicted the R 0 accurately, irrespective of the infusion method used.
Impact of Viscoelasticity
To isolate the impact of viscoelasticity on the R 0 cal The production of CSF is represented by steady infusion into the ventricular space using a peristaltic pump. The absorption of the CSF is modeled via drainage through a fine-regulating valve into a reservoir held at superior sagittal sinus pressure (P ss ) level. Fluid infusion is modeled via a programmable syringe pump connected to a simplified cisternal space. The PV response is determined via an active compliance device, consisting of a feedback-controlled linear motor and bellow assembly. The PV behavior of the active compliance device alone is equivalent to that predicted by the Marmarou equation of intracranial dynamics 1, 23 (Equation 1 in Appendix). It is characterized by the physiological parameters P 0 , P 1 , and K as reported in Table 1 . As depicted in the inset (left), for slow, steady infusion at low flow and blocked CSF absorption, the phantom model closely matched the parameters of the Marmarou model with the same values for the elastance K and resting ICP level prior to infusion, P 0 + P 1 . The silicone brain added a viscoelastic component to the overall PV curve. The ICP was recorded in the ventricular space via a clinical pressure monitor.
culations, virtual infusion tests were performed using the computational framework with varying degrees of vis coelasticity. Three different settings were used in these tests: 1) without any contribution of viscoelasticity, thus following the Marmarou standard model; 23 2) with the viscoelastic relaxation function G(t) (Appendix, Equation 4 ) defined according to the experimental data from rat brains of Elkin et al.;
8 and 3) with the viscoelastic relax ation function G(t) defined on the basis of bovine brain data from Laksari et al.
20
Time courses of the ICP during the virtual infusion tests are shown in Fig. 4 . The curves for the ICP deter mined with the rat and bovine viscoelastic equations (blue and green lines, Fig. 4 ) both yielded a decrease in the initial ICP slope compared with the standard method that does not take into account the contributions of vis coelastic behavior (red line, Fig. 4 ). In addition, the time period required to reach an equilibrium in the ICP was longer when viscoelasticity was taken into account. Dur ing the bolus infusion, viscoelasticity affected both the peak ICP and ICP recovery. Figure 5 shows the effect of viscoelasticity on the calculation of R 0 . As observed in the phantom model, viscoelasticity led to an underestima tion of the R 0 in the bolus infusion tests when the standard methods were used for R 0 derivation. In contrast, when the system identification approach was used, all infusion test types yielded the correct R 0 value.
Impact of Infusion Flow Rate
To determine whether the difference between ideal ized bolus infusion assumed by Marmarou (that is, assum ing an infinitely high infusion rate) and the actual clinical procedure (assuming a finite infusion rate) may be respon sible for the clinically observed underestimation of the R 0 , bolus infusion rates of 140, 60, and 15 ml/min were com pared with an infinitely rapid bolus infusion. This test se ries was carried out on the computational framework with out accounting for viscoelastic contributions. Although a gradual decrease in the calculated R 0 is observed with decreasing infusion flow, the underestimation of the R 0 was no more than 5.3% of the nominal R 0 . This observed un derestimation in our test series was significantly lower than the 27%-40% underestimation reported for patient data. 30 
Impact of ICP Pulsation
To evaluate whether ICP pulsation could be respon sible for the clinically observed underestimation of the R 0 obtained with the bolus infusion data, oscillatory changes in CSF volume were induced in the computational frame work, accounting for cardiovascular, respiratory, and Bwave contributions with characteristic periods of 1, 3, and 30 seconds, respectively. 5 Pulsatile ICP time courses af ter bolus infusion with and without viscoelastic contribu tions are shown in Fig. 6 together with the associated R 0 values. Intracranial pressure pulsations alone (that is, in the absence of viscoelasticity) failed to explain the clini cally observed underestimation of R 0 . A significant un derestimation of R 0 was only observed when viscoelastic behavior was taken into account.
Discussion
Infusion tests are one of a very small set of methods that yield information on patients' intracranial dynamics. Since hydrocephalus is a manifestation of pathological in tracranial dynamics, one might expect infusion tests to be a standard tool for clinical decision making when this con dition is suspected. Yet this is not the case, which may be in large part attributable to 3 reasons: 1) we do not have adequate knowledge of the pressure and flow dynamics in the craniospinal space, which results in skepticism toward parameters such as CSF outflow resistance; 2) neurosur geons willing to undertake the characterization of intra cranial dynamics using infusion tests often face difficul ties in obtaining financial reimbursements from medical insurances; and 3) there are 3 types of infusion tests, the most promising of which underestimates the R 0 . The pres ent work addresses this last point, showing that by using a new processing method, all infusion test types yield the same correct R 0 . In this section, we will first discuss this observation before addressing the former 2 points.
Possible Causes of Underestimation of the R 0
It is generally assumed that R 0 is a characteristic pa rameter of the craniospinal space. Thus, the R 0 should be independent of the method used to derive it. Discrep ancies in R 0 values between different infusion protocols may be therefore attributable to an underlying model that neglects or oversimplifies certain aspects of the actual in vivo environment. These aspects include disregard of ICP pulsation, supposition of infinite bolus infusion flow rate, and assumption of purely elastic behavior of the cra niospinal space. Using the computational framework, we have shown that although ICP pulsation and finite bolus infusion rates do lead to small deviations between the ac tual and estimated resistances, neither of these factors ac counts for the underestimation of the R 0 .
In contrast, both our experimental and computational results demonstrated that viscoelasticity has a substantial impact on R 0 (Figs. 3 and 5) . Viscoelastic behavior of brain tissue has been reported in a number of studies, 8, 9, 13, 20, 24, 26, 29 but standard methods for calculating the R 0 do not take viscoelasticity into account. Taken together, these observations support our hypothesis that the clinically observed underestimation of R 0 is due to methods that do not account for the viscoelasticity of the brain.
How Viscoelasticity Influences R 0 Calculations
The experimental phantom model simulated in vivo Fig. 3 . The mean R 0 (± SD) derived from infusion test data on the phantom model using standard methods based on the Marmarou equation (left) and a system-identification approach that accounts for viscoelasticity with Equations 3 and 4 in the Appendix (right). The red dashed horizontal lines indicate the actual value of the R 0 (8.57 mm Hg/[ml/min]) that was set via the fine-regulating outflow valve (Fig. 1) . Three repetitions were performed for each type of infusion. The standard methods substantially underestimated the R 0 in the bolus infusion (BI) tests. In contrast, the system-identification approach yielded correct values of the R 0 in all 3 infusion tests. CFI = constant flow infusion; CPI = constant pressure infusion.
intracranial dynamics through separation of slow and fast responses to volume changes. The slow response, achieved through the active compliance device, follows the Mar marou PV curve. 23 The fast response was defined by the silicone material of the phantom brain. This material has been shown to accurately reproduce ex vivo mechanical responses of brain tissue at loading rates of up to 10 Hz.
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The viscoelastic response observed in our phantom model thus originated in the viscoelastic nature of the silicone, and the viscoelasticity of the brain parenchyma is expected to result in similar effects on in vivo viscoelastic responses.
Comparisons of experimental pressure curves that included viscoelastic effects with those predicted by the Marmarou equation clearly indicated a substantial impact of viscoelasticity on the dynamic pressure response (Fig.  2) . Virtual infusion tests performed with the computa tional framework showed that this impact increases with increasing viscoelasticity (Fig. 4) . Although viscoelastic effects influence the dynamic pressure response, they do not change the final equilibrium pressure. The standard R 0 calculation methods for constant flow or pressure infu sions solely rely on equilibrium pressure; results obtained with these methods are thus unaffected by viscoelasticity. The same cannot be said of the standard R 0 calculation Fig. 4 . Time courses of the ICP obtained via virtual infusion testing using the computational framework according to Equations 3 and 4 in the Appendix with (blue and green lines) and without (red lines) considering viscoelastic behavior. The data that do not consider viscoelasticity were generated using the Marmarou equation. Two sets of viscoelastic properties based on experimental data from rat 8 (green) and bovine 20 (blue) brain tissue were considered. Viscoelasticity affected the initial phase of the ICP change caused by infusion of the CSF through constant flow (A) or at constant pressure (B). Equilibrium pressures, however, were not markedly influenced in these 2 infusion conditions. During the bolus infusion (C), viscoelasticity affected both the peak ICP and the shape of the ICP curve in the recovery phase. method for bolus infusion, which relies on transient ICP tracings. Results from this method are thus sensitive to viscoelastic effects.
A New Approach for Calculating R 0
To determine the correct R 0 for bolus infusion tests, a new approach was needed that captures the effects of vis coelasticity. To this end, we replaced the Marmarou PV relation with a quasilinear viscoelastic constitutive mod el 11 (see Appendix). Compared with the standard method, this approach improved the prediction of the R 0 for all infusion protocols (Figs. 3 and 5 ), but the most striking improvement was observed for the bolus infusion.
Limitations and Outlook
The viscoelastic parameters used in the computation al framework are based on mechanical tests of ex vivo brain tissue. 8, 20 Although the brain evidently contributes to the mechanical response of the craniospinal space, it is not the only structure to do so. This means that the most suitable viscoelastic parameters for in vivo use will have to be determined in clinical studies.
Although the viscoelastic model for the derivation of R 0 more closely describes conditions in vivo than the stan dard model, the in vivo situation is even more complex: Marmarou et al., using a cat model, demonstrated that the craniospinal PV curve exhibits hysteresis, 23 an observa tion that was corroborated by Kasprowicz and coworkers in hydrocephalic patients. 17 More sophisticated models based on hyperviscoelastic constitutive laws or active ma terials will be necessary to capture such behavior.
The improvement of the financial reimbursement situation for infusion tests performed in clinical settings depends largely on the availability of evidence for the predictive power of the R 0 for the selection of shunt can didates or for assessing shunt performance. This calls for multicenter studies that have so far been held back by the lack of sufficiently standardized infusion protocols and measurement techniques. 33 Our findings may thus prove valuable for the definition of a suitable standard.
What remains is an insufficient understanding of the exceedingly complex pressure and flow dynamics in the craniospinal space. Over the last decade, basic research in this area has seen a veritable renaissance, drawing in researchers from diverse fields such as biology 14, 16, 27 and engineering. 15, 19, 31 Therefore, it is only a matter of time until interdisciplinary teams of neurosurgeons and basic researchers will uncover the workings of intracranial dy namics and hydrocephalus.
Conclusions
Our investigations have demonstrated that viscoelas ticity has a substantial impact on transient craniospinal dynamics. Viscoelastic effects need to be taken into ac count when deriving parameters for the description of craniospinal pressure and flow. Therefore, a computa tional algorithm accounting for viscoelastic responses is introduced to correct for these effects when calculating the R 0 and to overcome its consistent underestimation in the bolus infusion method.
